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Congenital obstructive nephropathy is a major cause of
renal insufficiency in children. Osteopontin (OPN) is a
phosphoprotein produced by the kidney that mediates cell
adhesion and migration. We investigated the role of OPN in
the renal response to unilateral ureteral obstruction (UUO) in
neonatal mice. OPN null mutant (/) and wild-type (þ /þ )
mice were subjected to sham operation or UUO within the
first 2 days of life. At 7 and 21 days of age, fibroblasts
(fibroblast-specific protein (FSP)-1), myofibroblasts (a-smooth
muscle actin (SMA)), and macrophages (F4/80) were
identified by immunohistochemical staining. Apoptotic
cells were detected by terminal deoxy transferase uridine
triphosphate nick end-labeling technique and interstitial
collagen by Masson trichrome or picrosirius red stain.
Compared to sham-operated or contralateral kidneys,
obstructed kidneys showed increases in all parameters by
7 days, with further increases by 21 days. After 21 days UUO,
there was an increase in tubular and interstitial apoptosis
in OPN / mice as compared to þ /þ animals (Po0.05).
However, FSP-1- and a-SMA-positive cells and collagen in
the obstructed kidney were decreased in OPN / compared
to þ /þ mice (Po0.05), whereas the interstitial macrophage
population did not differ between groups. We conclude that
OPN plays a significant role in the recruitment and activation
of interstitial fibroblasts to myofibroblasts in the progression
of interstitial fibrosis in the developing hydronephrotic
kidney. However, OPN also suppresses apoptosis. Future
approaches to limit the progression of obstructive
nephropathy in the developing kidney will require
targeting of specific renal compartments.
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Congenital obstructive nephropathy is a major cause of
renal insufficiency in children.1 In contrast to the effects of
urinary tract obstruction on renal hemodynamics and renal
cellular function in the mature kidney, the renal response to
urinary tract obstruction in early development reflects the
unique characteristics of the immature kidney. Most forms
of clinical obstructive nephropathy develop in fetal life,
during the period of nephrogenesis. For this reason, we
have developed a model of unilateral ureteral obstruction
(UUO) in the neonatal rat and mouse, because in these
species, nephrogenesis is only 10% complete at birth and
continues throughout the first 10 postnatal days.2,3 Chronic
UUO in the neonatal mouse leads to progressive tubular
apoptosis and nephron loss, as well as interstitial inflamma-
tion and interstitial fibrosis.3
Osteopontin (OPN) is a glycosylated phosphoprotein
that mediates cell adhesion and migration, and is produced
by bone, macrophages, endothelial cells, and epithelial
cells.4 Receptors for OPN include two families: integrins
and CD44. The many regulatory functions of OPN include
bone remodeling, tumor invasion, wound repair, and
promotion of cell survival.5 It is produced by renal tubular
epithelial cells, and expression is upregulated in glomerulo-
nephritis, hypertension, ischemic acute renal failure, renal
ablation, and UUO.4 The role of OPN in modulating renal
injury is unclear, with evidence for both inflammatory and
anti-inflammatory actions.5
Chronic UUO in the adult rat results in an early
upregulation of renal OPN, associated with the accumula-
tion of interstitial macrophages.6 Stimulation of renal OPN
production by UUO may result at least in part from increased
intrarenal angiotensin generated by mechanical stretch of
dilated tubules.7 Compared to the adult, UUO in the
neonatal rat produces significantly greater stimulation of
the renin–angiotensin system, as well as a greater renal
apoptotic response.2,8 Moreover, in the neonatal mouse
subjected to UUO, tubular apoptosis is directly related to the
severity of tubular dilatation,3 and the severity of interstitial
fibrosis is directly dependent on the number of functional
copies of the angiotensinogen gene.9 The stimulation of OPN
by angiotensin is mediated by angiotensin II type I and II
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receptors,10 both of which are upregulated by UUO in the
neonatal rat.11 These considerations suggest that, compared
to the condition in the adult, UUO in the neonatal mouse
may produce significantly different consequences for the
hydronephrotic kidney.
As in the human, the expression of OPN in the adult
mouse is specifically located in thick ascending limbs of the
loop of Henle and distal convoluted tubules.4 Although the
expression of renal OPN in the mouse has been detected at
embryonic day 14.5,12 targeted deletion of the OPN gene
does not interfere with normal renal development.13,14 We
therefore decided to investigate the contribution of OPN to
the progressive renal injury resulting from UUO in neonatal
mice. Mice lacking functional OPN (/)13 were compared
to wild-type mice (þ /þ ) subjected to complete UUO or
sham operation within the first 2 days of life, and studied 7 or
21 days later. The results show that OPN plays a significant
role in the renal response to UUO in early development, and
has differing effects on the tubules and interstitium.
RESULTS
Characteristics of animals
As shown in Table 1, body weight of mice more than doubled
between 7 and 21 days of age. At each age, no difference
in body weight was found between þ /þ and OPN /
mice. The kidney/body weight ratio of the obstructed kidney
decreased following 21 days of UUO. Kidney/body weight
ratio of the obstructed kidney was not different between
þ /þ and OPN /, but the contralateral kidney/body weight
ratio was greater for OPN / than for þ /þ at 21 days.
Apoptosis
In mice subjected to UUO, apoptosis was increased in
the obstructed kidney compared to contralateral and sham-
operated kidneys (Po0.05) (Figure 1a and b). There was
no difference at 7 days in the number of apoptotic tubular
or interstitial nuclei per field in þ /þ and OPN /
obstructed kidneys, respectively (Figure 1a). Following 21
days of UUO, apoptosis doubled compared to 7 days, with an
increase in both interstitial and tubular apoptosis (Figure 1b
and c). Tubular apoptosis was 50% greater in OPN / than
in þ /þ obstructed kidneys, whereas interstitial apoptosis
was 130% greater (Figure 1b and d).
Fibroblasts (fibroblast-specific protein) and myofibroblasts
(a-smooth muscle actin)
At 7 days, fibroblast-specific protein (FSP)-1 positivity was
present not only in interstitial fibroblasts, but also in vascular
Table 1 | Characteristics of neonatal mice
Group N per group Body weight (g)
Left kidney/body
weight ratio (mg/g)
Right kidney/body
weight ratio (mg/g)
7 days +/+ sham 6 3.7370.41 6.2770.12
7-day OPN / sham 13 3.5170.15 5.7470.17
7 days +/+ UUO 7 3.9470.31 6.3270.32 6.7770.28
7-day OPN / UUO 7 3.7470.34 6.9170.27 6.4470.13
21 days +/+ sham 10 8.5670.34w 6.8870.19
21-day OPN / sham 5 8.2870.72w 7.5370.44
21 days +/+ UUO 9 9.1770.38w 1.9370.29z 9.2970.21
21-day OPN / UUO 6 7.2671.22w 2.3970.18z 10.5070.23*
OPN, osteopontin; UUO, unilateral ureteral obstruction ; *Po0.05 vs 21 days +/+ UUO; wPo0.05 vs 7 days body weight; zPo0.05 vs sham and contralateral kidneys.
21 days OPN +/+ UUO: apoptosis 21 days OPN −/− UUO: apoptosis
∗
a
b
c d
Figure 1 | Staining for apoptosis. (a) Number of apoptotic cells
per field at 7 days. (b) Number of apoptotic cells per field at 21 days.
þ /þ , Wild-type OPN mice; /, OPN null mutant mice; CL, right
kidney contralateral to UUO; UUO, left obstructed kidney; cross-
hatched bar, tubular apoptosis; white bar, interstitial apoptosis;
*Po0.05 / vs þ /þ kidney. (c) Apoptotic cells identified by
terminal deoxy transferase uridine triphosphate nick end-labeling
technique in kidney ipsilateral to UUO. Twenty-one-day OPN þ /þ
kidney. Apoptotic nuclei are predominantly found in tubules
(examples shown by arrows). (d) Twenty-one-day OPN / kidney.
Apoptosis is further increased compared to þ /þ , and is especially
prominent in the interstitium (*) with apoptotic figures found as well
as in tubules (arrows). Bar in (d)¼ 100 mm, and applies also to (c).
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endothelial cells of glomeruli and other vessels (Figure 2a and
b). The fractional area occupied by FSP-1-positive cells was
five-fold greater in obstructed compared to sham-operated
kidneys from þ /þ mice, whereas there was a 60% reduction
in the amount of FSP-1 staining in obstructed OPN /
compared to þ /þ kidneys (Po0.05; Figure 2e). By 21 days,
as compared to 7 days, FSP-1-positive cells were decreased in
kidneys from sham-operated and contralateral kidneys, but
increased further in obstructed kidneys (Figure 2c, d, and f). At
21 days, the fractional FSP-1-positive area in OPN / kidneys
remained 50% lower than that of þ /þ mice (Po0.05; Figure
2f). When the density of FSP-1-stained individual cells was
quantitated in the interstitium (Figure 2g and h), the results,
although not statistically significant, paralleled the total
fractional FSP-1-positive area (Figure 2e and f).
At 7 days, a-smooth muscle actin (SMA)-positive cells
were located in the interstitium, with greater staining evident
in the medulla than in the cortex. Compared to sham-
operated or contralateral kidneys, the density of a-SMA
staining increased three-fold in obstructed kidneys from
þ /þ mice, but only doubled in / mice (Figure 3a, b, and g).
Whereas a-SMA was found in tubular epithelial cells as well
as within cortical interstitial areas surrounding dilated
tubules, FSP-1 staining was restricted to glomeruli and
interstitial cells, and there was no colocalization of FSP-1-
and a-SMA-positive cells (Figure 3c and d). As was the case
for FSP-1 immunoreactivity, a-SMA staining increased
further in the 21-day obstructed kidneys, with a smaller
increment in OPN / compared to þ /þ mice (Figure 3e,
f, and h). The a-SMA staining was increased both in cortex
and medulla, specifically localized there in interstitial cells
and vessels. At 21 days, a-SMA staining decreased in sham-
operated and contralateral kidneys (Figure 3h), being
localized only to the vasculature.
Macrophages (F4/80)
At 7 days, macrophages were found in interstitial regions.
Chronic UUO increased the density of interstitial macro-
phages, particularly in the superficial cortex (Figure 4a, b,
and e). By 21 days, the density of macrophages increased
further in the obstructed kidneys (Figure 4c, d, and f).
However, there was no difference in macrophage abundance
between þ /þ and OPN / mice at either 7 or 21 days
(Figure 4e and f).
Collagen
Compared to sham-operated or contralateral kidneys, inter-
stitial collagen doubled following 7 days of UUO in both
þ /þ and OPN / mice (Figure 5a, b, d, e, and g). Counts
of sections of the same 7-day animals that had been stained
with picrosirius red (Figure 5c and f) gave similar measure-
ments to those resulting from the point-counting method used
to quantify trichrome-stained preparations. However, glomer-
uli did not stain with picrosirius red in any of the animals
(Figure 5c and f). At 21 days, collagen deposition had
increased further in obstructed kidneys, but with a smaller
increment in OPN / compared to þ /þ mice (Figure 5h).
Tubular basement membrane thickness
At 21 days of age, average tubular basement membrane
(TBM) thicknesses were not different between obstructed
and non-obstructed kidneys, or between OPN / and
þ /þ mice: 0.53270. 015 and 0.52170.012 mm, respectively
7 days OPN +/+ sham: FSP-1
FB
a b
c
e f
 
d
En
En
∗ ∗
∗
7 days OPN −/− sham: FSP-1
21 days OPN +/+ UUO: FSP-1
4
3
FS
P-
1 
st
ai
ni
ng
2
1
0
4
3
FS
P-
1 
st
ai
ni
ng
2
1
0
h
1000
800
FS
P-
1 
st
ai
ni
ng
 c
e
ll 
n
u
m
be
r
600
400
200
0
g
1000
800
FS
P-
1 
st
ai
ni
ng
 c
e
ll 
n
u
m
be
r
600
400
200
0
Sham CL UUO Sham CL UUO
Sham CL UUOSham CL UUO
21 days OPN −/− UUO: FSP-1
∗
Figure 2 | Immunostaining for FSP-1 (S100A4) (a and b, lightly
counterstained; c and d, counterstain has been omitted).
(a) Seven-day OPN þ /þ sham kidney. In addition to interstitial
fibroblasts (example shown by ‘FB’), other cell types are positive,
including endothelial cells (En) in an arteriole and in a glomerular
capillary (*). (b) Seven-day OPN / sham. Glomerular endothelial
cells stain positively (*). (c) Twenty-one-day OPN þ /þ in UUO
obstructed-side kidney. Numerous positive staining cells are present,
including vascular endothelium (En) and multiple small cells in the
interstitium (examples shown by arrows). (d) Twenty-one-day
OPN /, UUO obstructed-side kidney. Overall, there are fewer
cells that stain positively for FSP-1, although these include the
same categories as seen in the wild-type kidney. Bar in each
panel¼ 100 mm. (e) Fractional FSP-1-positive areas, 7 days.
(f) Fractional FSP-1-positive areas, 21 days. (g) Number of
FSP-1-positive interstitial cells per field, 7 days. (h) Number of FSP-1-
positive interstitial cells per field, 21 days. Legend same as Figure 1.
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for the obstructed kidney; 0.51970.014 and 0.5267
0.014 mm for the contralateral kidney; and 0.54170.013
and 0.53470.011 mm for the sham kidney.
DISCUSSION
The major finding of this study is that the lack of functional
OPN in the neonatal mouse with chronic UUO decreased
FSP-1-positive cells and myofibroblast transformation as well
as reducing interstitial fibrosis. In addition, deletion of OPN
expression increased both tubular and interstitial apoptosis.
These findings indicate that, in the neonatal renal response to
UUO, endogenous renal OPN plays an injurious role in the
renal interstitium, but subserves a potentially protective role
in the tubules.
Although we did not detect an effect of endogenous OPN
on the accumulation of renal interstitial macrophages
following either 7 or 21 days of UUO in the neonate, others
have reported a five-fold reduction in macrophage influx in
the adult mouse subjected to 7 days UUO.15 Deletion of the
CD44 gene (for which OPN is a major ligand) has similar
effects on the course of UUO in the adult mouse, with
a significant reduction in macrophage influx following
1–14 days of obstruction.16 Compared to þ /þ mice, renal
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Figure 3 | Representative figures showing immunoreactive a-SMA
and FSP-1 distribution in kidney ipsilateral to UUO. (a) Seven-day
OPN þ /þ kidney. a-SMA is prominent in cortical interstitium (*) as
well as in tubule epithelial cells (Tu). (b) Seven-day OPN / kidney.
There is decreased a-SMA staining compared to wild-type UUO
kidney, although both interstitial and tubular epithelial staining is
seen. (c and d). Serial sections (7-day OPN þ /þ ) showing (c) a-SMA
and (d) FSP-1. Although a-SMA is clearly present in the interstitium
and tubules, the staining pattern does not correspond to that of FSP-1,
which appears as a dark punctate pattern (examples at arrows),
staining fibroblasts and endothelial cells (cf. Figure 2). Bar in each
panel¼ 100 mm. (e) Twenty-one-day OPN þ /þ kidney. Compared to
7 days, a-SMA-positive areas are markedly increased both in cortex
and medulla, predominantly located in interstitial cells, tubules, and
some blood vessels. (f) Twenty-one-day OPN / kidney. Compared
to þ /þ UUO kidney, a-SMA staining is markedly decreased.
(g) Relative a-SMA immunostaining areas, 7 days. (h) Relative
a-SMA immunostaining, 21 days. Legend same as Figure 1.
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Figure 4 | Macrophages identified by immunoreactive F4/80
distribution in kidney ipsilateral to UUO. (a) Seven-day OPN þ /þ
kidney. Compared to contralateral kidneys, obstructed kidneys
contain more interstitial macrophages, especially in the superficial
cortex (examples at arrows). (b) Seven-day OPN / kidney. A similar
distribution of F4/80-positive macrophages is seen. (c) Twenty-one-
day OPN þ /þ kidney. There is a substantial increase in the
population of macrophages as compared to the 7-day animal.
(d) Twenty-one-day OPN / kidney. Compared to wild-type kidney,
there is no discernible difference in the distribution of macrophages.
Bar in (d)¼ 100mm and is applicable to all panels. (e) Relative F4/80
immunostaining areas, 7 days. (f) Relative F4/80 immunostaining,
21 days. In UUO, macrophage staining was significantly increased
over sham and CL (Po0.05), but was similar in the obstructed kidneys
of both strains. Legend same as Figure 1.
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ischemia/reperfusion injury in the adult OPN / mouse
results in an 80% decrease in renal interstitial macrophage
accumulation; however, this is not associated with any
functional or morphological improvement.17 The response
to ischemia appears to differ between proximal and distal
tubules: OPN increases early and without any signs of injury
in distal tubules, but OPN increases later in regenerating
proximal tubules.18 Of interest, renal injury resulting from
the administration of angiotensin II to adult rats is asso-
ciated with a significant increase in tubular OPN production,
accompanied by increases in interstitial macrophage recruit-
ment.19 Therefore, although angiotensin-dependent OPN can
serve as a mediator of macrophage recruitment in the adult,
there exist age-dependent differences in this response. This is
of potential importance, as renal interstitial macrophage
recruitment plays a central role in mediating the tubular
apoptosis that results from UUO in the neonatal mouse.20,21
In the present study, deletion of OPN in the neonatal
mouse markedly reduced FSP-1 staining and the accumula-
tion of myofibroblasts following 7 and 21 days of UUO.
Unlike Iwano et al.,22 we did not observe FSP-1 staining of
tubular epithelial cells in the obstructed kidney. However, a
number of tubular epithelial cells in the obstructed kidney
contained a-SMA, suggesting an epithelial–mesenchymal
transformation.23 There is increasing evidence for the role
of epithelial–mesenchymal transformation of tubular epithe-
lial cells in the pathogenesis of obstructive nephropathy.24,25
The transformation of renal tubular cells may be necessary
for the tubular recovery, but transformed cells can also
migrate to the interstitium, there aggravating the progression
of interstitial fibrosis.26 Compared to wild-type controls,
adult mice with CD44 deficiency subjected to UUO have a
transient early decrease in myofibroblasts, but this effect is no
longer present by 7 or 14 days of UUO.16 It should be
noted that in immature rat, renal interstitial fibroblasts
normally express a-SMA for the first 2 weeks postnatally,
but that following neonatal UUO, expression of a-SMA is
prolonged so as to extend throughout the first month of
life.27 It is therefore possible that OPN plays a significant role
in preserving the immature phenotype under conditions of
hydronephrosis in the neonatal kidney. Despite a substantial
reduction of myofibroblast accumulation in the neonatal
OPN / kidney, interstitial collagen was reduced by only
20% after 21 days of UUO (Figure 5h). In contrast,
after either 7 or 14 days of UUO in the adult OPN / or
CD44 / mouse, the interstitial population of collagen was
reduced two- to four-fold.15,16 Thus, although OPN plays a
significant role in the progression of interstitial fibrosis
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Figure 5 | Comparison of collagen-staining methods; panels a, b, d, and e show Masson trichrome, which renders collagen fibrils
in bright blue, whereas picrosirius red (panels c and f) gives deep red coloration to collagen. (a) Seven-day OPN þ /þ sham. No
appreciable concentrations of collagen are present. (b) Seven-day OPNþ /þ UUO (obstructed kidney). Collagen fibrils (Co) have accumulated
in interstitial spaces. (c) Seven-day OPN þ /þ (obstructed kidney); collagen distribution in this field is similar to that shown in (b). (d) Seven-day
OPN / sham. Kidney structure is similar to that seen in the wild-type animal (cf. (a)). (e) Seven-day OPN/ UUO (obstructed kidney).
A region of fibrosis is present (Co indicates collagen fibrils), similar to that seen in the wild-type kidney at this stage. (f) Seven-day OPN /
(obstructed); cf. (e) Bar in (f)¼ 100 mm, applicable to all panels. (g) Relative collagen-positive areas, 7 days. (h) Relative collagen-positive areas,
21 days. Legend same as Figure 1.
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resulting from UUO in both adults and neonates, its relative
contribution is significantly greater in the adult than the
neonate. The mechanisms underlying this difference may
relate to the decreased inflammatory component associated
with tissue repair in early development.28
In the present study, as compared to þ /þ animals, renal
tubular apoptosis in the OPN / mice was increased by
50% following 21 days of UUO. Despite this effect, there was
no evidence of TBM thickening as a consequence of ureteral
obstruction, and no difference between OPN / and þ /þ
mice in the mean thickness of the TBM. However, the even
greater relative increase in interstitial cell apoptosis in
obstructed kidneys of / mice (130%) may have con-
tributed to the reduction in fibrogenic cells in the obstructed
kidney. In the adult mouse, the increase in apoptosis for /
compared to þ /þ OPN mice is 70% for tubular cells
and 45% for interstitial cells.15 The antiapoptotic role of
OPN in the neonate therefore appears to be greater in the
interstitium, whereas in the adult, the effect is greater for the
tubular compartment. While the present study was not
designed to examine the mechanism whereby OPN acts as a
survival factor, others have shown that this may be mediated
through the CD44 receptor.29 This is consistent with a report
showing that adult CD44 / mice develop increased
tubular apoptosis following chronic UUO.16
We conclude that endogenous OPN upregulates the
accumulation of interstitial myofibroblasts in the developing
hydronephrotic kidney, thereby constituting an injurious
response. However, compared to the adult,15 the relative
contribution of OPN to interstitial fibrosis in the neonate
is severalfold lower, suggesting that therapeutic inhibition
of OPN in congenital obstructive nephropathy may be
less effective than in the adult. New therapeutic approaches
for managing progression of obstructive nephropathy
must therefore take into account the characteristics of the
developing kidney, as well as the differing effects of individual
compounds on each renal compartment.
MATERIALS AND METHODS
Experimental animals
Targeted mutation of the murine Sppl gene coding for OPN has
been reported.13 The Sppl gene was mutated by deletion of exons
4–7, leading to a null mutation in OPN / mice. Homozygous null
mutant mice were viable and fertile, and breeding pairs of a (129/
SvJBlack Swiss) hybrid genetic background were established to
generate the animals used in this study. Wild-type breeding pairs of
the same (129/SvJBlack Swiss) background were used as controls.
The genotype of animals was confirmed by polymerase chain
reaction analysis as described previously.13
Surgical procedure
Newborn male and female mice were subjected to complete left
UUO (N¼ 29, 16 þ /þ mice, 13 OPN / mice) or sham
operation (N¼ 34, 16 þ /þ mice, 18 OPN / mice) within the
first 48 h of life. Under general anesthesia with isoflurane and
oxygen, the abdomen was surgically opened by a left lateral incision;
the left ureter was exposed and two 6-0 silk sutures were used to
place two ligatures, 2 mm apart (the ureter was not transected);
alternatively, the ureter was left untouched (sham). The incision was
closed in a single layer. The animals were allowed to recover from
anesthesia and returned to their mothers. At 7 and 21 days of age,
animals were killed with a lethal injection of pentobarbital, and their
kidneys were removed, decapsulated, and weighed. The kidneys
were fixed in 10% phosphate-buffered formalin (pH 7.1) for 24–48 h
before transfer to 70% ethanol. Kidneys were then dehydrated,
embedded in paraffin, and sectioned (4mm) on an RM2155
microtome (Leica).
Immunohistochemistry
Fibroblasts (as indicated by FSP-1 staining), myofibroblasts
(a-SMA), and macrophages (F4/80) were detected by immuno-
histochemistry, using an avidin–biotin immunoperoxidase method
(Vectastain ABC kit, Burlingame, CA, USA). Briefly, sections were
deparaffinized with xylene, followed by rehydration in a descending
series of ethanols. Endogenous peroxidase was quenched in 3%
hydrogen peroxide in methanol for 30 min. Nonspecific biotin signal
was blocked with an avidin/biotin blocking kit (Vector Laboratories,
Burlingame, CA, USA). Sections were incubated for 30 min with
normal serum and were then incubated overnight at 41C with
primary antibodies. Primary monoclonal antibodies for a-SMA
(Sigma Chemical Co., St Louis, MO, USA) and F4/80 (hybridoma
from American Type Culture Collection, grown up and supernatants
collected), and a polyclonal antibody for FSP-1 (Neomarkers/Lab
Vision Corporation, Fremont, CA, USA) were used. The primary
antibodies for a-SMA, FSP-1, and F4/80 were used at dilutions of
1:300, 1:600, and 1:25, respectively. As negative controls, phosphate-
buffered saline was substituted for the primary antibody. After
incubation, sections were washed twice for 5 min in phosphate-
buffered saline. Sections were then incubated for 30 min with
biotinylated secondary antibodies (for a-SMA, LSAB 2 kit, Dako,
Carpinteria, CA, USA; for FSP-1, goat anti-rabbit, 1:200 dilution,
Vector Laboratories, Burlingame, CA, USA; for F4/80, goat anti-rat,
1:100 dilution, Vector Laboratories, Burlingame, CA, USA),
washed in phosphate-buffered saline, and incubated for 30 min
with Vectastain ABC reagent. Bound antibodies were detected using
3,30-diaminobenzidine (Biogenex, San Ramon, CA, USA) to
produce a brown color. The sections were counterstained with
0.5% methylene blue solution or 0.75% hematoxylin solution
(Sigma Chemical Co., St Louis, MO, USA), dehydrated, and
evaluated by light microscopy. Positive stains were quantified using
image analysis software (Image Pro-Plus, Media Cybernetics, Silver
Spring, MD, USA) by scanning 10 non-overlapping fields at  400
magnification for each kidney section,30 and expressing positive area
as a percentage of total area. Because FSP-1 (also known as S100A4,
a calcium-binding protein) was found in cells other than interstitial
fibroblasts, manual counting of 10 fields at  400 magnification was
also undertaken to quantitate only fibroblasts, and these results were
compared with those obtained for the total FSP-positive areas.
Identification of cellular apoptosis
Apoptotic cells were identified with the terminal deoxy transferase
uridine triphosphate nick end-labeling technique, using the
ApopTags peroxidase in situ Apoptosis Detection Kit (Serologicals
Inc., Norcross, GA, USA). In summary, after digestion (5 mg/ml
working strength Proteinase K, 15 min at room temperature) and
quenching (3% H2O2 in methanol, 30 min) steps, equilibration
buffer was applied directly to the sections for 5 min, and working
strength TdT enzyme (at a concentration of 1:5 in reaction buffer)
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was then applied for 1 h at 371C. Positive nuclei were visualized
by applying peroxidase-conjugated anti-digoxigenin antibody for
30 min, followed by a 0.05% solution of 3,30-diaminobenzidine
tetrahydrochloride for 4 min. For negative controls, TdT enzyme was
omitted. Slides were counterstained with methylene blue and were
quantified as described previously.3
Identification of collagen
Following additional on-slide fixation in Bouin’s solution for 1 h at
371C, sections were stained with Gill’s No. 2 hematoxylin for
2 min, Biebrich scarlet-acid fuchsin for 5 s, phosphotungstic acid/
phosphomolybdic acid for 5 min, and aniline blue for 15 min.
Sections were destained for 30 s in 1% acetic acid. For determination
of interstitial fibrosis in the form of blue-stained collagen, a grid
(total 121 points) was used and the number of points intersecting
collagen was counted. Ten fields, each at  400 magnification, in
both the cortex and in the medulla were analyzed for fibrosis.
Results are expressed as the mean percent of positive points falling
on collagen (fractional area). As an alternative to aniline-blue
staining, selected slides were stained by the picrosirius red method,
and the area fraction occupied by collagen was measured with
Image-Pro software in 10 fields at a total magnification of  400.
Measurement of TBM thickening
Thickening of the TBM has been shown to be an indicator of tubular
atrophy.31 The TBM was identified by periodic acid Schiff staining.
TBM thickness was measured in 100 cross-sectioned cortical tubules
in 21-day animals (including sham and both contralateral and
obstructed UUO) by the use of image analysis software (Image-Pro
Plus, Media Cybernetics, Silver Spring, MD, USA). Results are
expressed as actual thickness (in mm) of each TBM.
Statistical analysis
Data are presented as mean7s.e., and were evaluated for statistical
significance with Sigmastat 3.0 (Jandel Scientific, San Rafael, CA,
USA). One-way analysis of variance, followed by Student–Newman–
Keul tests, was used to compare treatment groups. Comparisons
between left and right kidneys were performed using the Student’s
t-test for paired data. Statistical significance was defined as Po0.05.
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